Several genotypic interpretation scores have been proposed for the evaluation of susceptibility to lopinavir/ ritonavir (LPV/r) but have not been compared using an independent data set. This study was a retrospective multicenter cohort of patients initiating LPV/r-based therapy. The virologic response (VR) was defined as a viral load of <500 copies/ml at week 24. The genotypic interpretation scores surveyed were the LPV mutation score, the ViroLogic score, the ATU score, the Stanford database score, and the International AIDS Society-USA mutation list. Of the 103 patients included in the analysis, 76% achieved VR at 24 weeks. For scores with clinical breakpoints defined (LPV mutation, ATU, ViroLogic, and Stanford), over 80% of the patients below the breakpoints achieved VR, while 50% or less above the breakpoints responded. Protease mutations at positions 10, 54, and 82 and at positions 54, 84, and 90 were associated with a lack of VR in the univariate and multivariate analyses, respectively. The area under the receiver-operator characteristic curves for the five genotypic interpretation scores studied ranged from 0.73 to 0.76. The study confirms that the currently available genotypic interpretation scores which are widely used by clinicians performed similarly well and can be effectively used to predict the virologic activity of LPV/r in treatment-experienced patients.
The treatment of human immunodeficiency virus (HIV)-infected individuals with combination antiretroviral therapy has significantly reduced the morbidity and mortality associated with HIV (13, 14) . However, the efficacy of antiretroviral therapy (ART) can be impaired by several factors, including the development of antiretroviral-resistant HIV quasispecies (18) .
Lopinavir/ritonavir (LPV/r), approved by the FDA in 2000, has been widely used in the management of treatment-naïve and treatment-experienced patients (7, 17) . Genotypic interpretation of the impact of protease mutations on ritonavirboosted protease inhibitors (PI/r) is complicated, as clinically relevant resistance generally requires multiple mutations and can develop through the interplay of major and minor mutations in a variety of patterns. Phenotypic resistance testing is generally considered easier to interpret for boosted PIs; however, it is more expensive than genotypic resistance testing and, in clinical studies, has not been shown to improve effectiveness outcomes above that achieved using genotypic resistance testing (3) . Several genotypic interpretation scores have been developed, but there is no consensus on their relative value.
The LPV mutation score was developed by comparing the genotypes and phenotypes of 112 viral isolates from early clinical trials (10) . Mutations at 11 amino acid positions in protease were found to be correlated with increased phenotypic resistance to LPV. Later studies linked a reduction in LPV/r activity to the presence of six or more LPV mutations (9) .
The ViroLogic score was developed using clinical samples available from the Monogram Biosciences (then ViroLogic) database, for which both a genotype and phenotype for LPV/r had been performed (n ϭ 1,482) (16) . Parkin et al. evaluated "discordant" samples for which the genotype showed susceptibility according to the LPV mutation score (i.e., less than six LPV/r-associated mutations), but the phenotype showed meaningful clinical reduced susceptibility (i.e., change of Ͼ10-fold) to identify additional mutations that contributed to decreased LPV susceptibility. The weighted ViroLogic score consists of 29 mutations at 18 protease positions. Viruses with a score of 7 or more are considered to have reduced susceptibility to LPV. Although this score was based on many more isolates than the LPV mutation score, the investigators were limited to making genotype-phenotype correlations, as they did not have access to the corresponding virologic response (VR) data for the isolates.
Recently, a large database from France (the ATU database) was used to evaluate VR to LPV/r in 792 treatment-experienced individuals and generate ATU scores (11) . Within this patient set, mutations at 10 amino acid positions in protease were found to better predict VR than the original LPV mutation scores. The breakpoints of 0 to 2, 3 to 5, and Ն6 mutations best distinguished responders and nonresponders.
In addition to these studies, many Web-based interpretation systems (Agence nationale de recherches sur le SIDA, http://www .hivfrenchresistance.org; geno2pheno, http://www.geno2pheno.org /cgi-bin/geno2pheno.pl; REGA genotypic resistance interpretation system, http://www.kuleuven.ac.be/rega/cev/links/rega_algorithm/) and lists of mutations from various organizations can be used to predict susceptibility to LPV/r. We chose to evaluate the scores generated by the Stanford University HIV drug resistance database (http://hivdb.stanford.edu) and International AIDS Society-USA (IAS-USA) given their widespread availability and usage. The Stanford database generates a weighted score using 52 mutations at 18 different positions in protease and produces five different outputs (susceptible, potential low-level resistance, low-level resistance, intermediate-level resistance, and high-level resistance), depending on the score. The IAS-USA score for LPV/r includes 32 mutations at 17 positions with mutations at 3 positions considered major (8) . In contrast to other prediction systems, the IAS-USA score does not define clinical breakpoints.
LPV/r has been the standard boosted PI for treatment-experienced patients with PI-related resistance mutations. However, with the recent approval of tipranavir and darunavir for PI-experienced patients, it has become increasingly important for clinicians to be able to choose between these newer PI/r's and LPV/r for these patients. Newer PIs have activity against strains resistant to LPV/r (2, 6), but in LPV/r-susceptible patients, darunavir has not shown a statistically significant improvement in response (12) . Given the many different interpretation tools available, it can be difficult for the clinician to decide when LPV/r will be the best choice or when one of the newer PI/r's should be used.
In this study, we used an independent multicenter cohort to evaluate VR to LPV/r and to better define the factors that influence VR. We performed univariate and multivariate analyses to determine which mutations were associated with virologic failure. In addition, we used our cohort to determine how well each genotypic interpretation score predicted VR to LPV/r and which genotypic interpretation score performed best (17a).
MATERIALS AND METHODS
Recruitment and data collection. The Clinic-Based Investigator Group is comprised of 20 academic, private, and public clinics. Participating clinics (n ϭ 8) retrospectively identified previously LPV/r-naive patients who had received an LPV/r-based regimen, had a baseline viral load and genotype, and had follow-up viral loads. Participating clinics were sent a standardized seven-page data acquisition form.
Inclusion criteria. Patients were included for analysis if they had at least one viral load determination within 12 weeks prior to the initiation of LPV/r treatment, a baseline genotype within 24 weeks prior to and up to 3 weeks after LPV/r initiation, at least one viral load measurement during the first 18 weeks on LPV/r, and at least one viral load measurement between 18 and 30 weeks after LPV/r initiation (used as the 24-week viral load).
Definitions. Given the use of different viral load assays having different lower limits of quantification, the VR was defined by a viral load of Ͻ500 copies/ml at 24 weeks of therapy (i.e., the lower limit of quantification of the least sensitive assay).
A genotypic susceptibility score for the ART was calculated using the Stanford HIV drug resistance database. For each drug used in the new LPV/r-based regimen, a score was given based on the interpretation of the genotype (1, susceptible; 0.75, potential low-level resistance; 0.5, low-level resistance; 0.25, intermediate resistance; and 0, high-level resistance). The genotypic susceptibility score was calculated by adding the activity of all the antiretroviral medications used in the regimen. In addition, a partial genotypic susceptibility score was defined as the genotypic susceptibility score minus the PI's contribution to the regimen.
Scores. Not all mutations used to calculate the scores were captured in the data acquisition form. Not all the labs performing genotypic resistance testing reported all the mutations of interest in their genotype reports, while some of the mutations of interest had not been described at the time of the study.
The LPV mutation score (10) is the unweighted sum of the numbers of mutations appearing at amino acid positions 10, 20, 24, 46, 53, 54, 63, 71, 82, 84, and 90.
The ViroLogic (16) score is the weighted sum of the following mutations: 10R, 10Y, 11I, 24F, 32A, 46V, 47A, 48A, 48M, 48S, 48T, 53Y, 54S, 54T, 71I, 76V,  82S, 82C, 82L, 82M, 84A, 84C, 89I, 89T, and 89V. The IAS-USA (8) score is the unweighted sum of the following mutations: 10F/I/R/V, 20M/R, 24I, 32I, 33F, 46I/L, 47A/V, 50V, 53L, 54V/L/A/M/T/S, 63P, 71V/T, 73S, 76V, 82A/F/T/S, 84V, and 90M. The following mutations were not included in the data acquisition form and were excluded from the calculations: 10R, 47A, 54S, 54T, 76V, and 82S.
Laboratory methods. A variety of genotype methods were used across the participating sites. Thirty-six percent of the genotypes were run at hospital-based labs, and 64% were run at commercial reference labs.
Statistical analysis. Virologic responses were evaluated in predefined demographic and clinical subgroups. Chi-square tests were used to assess statistical significance within each subgroup at an ␣ level of 0.05 (two-tailed).
Fisher's exact test was used to evaluate the association between VR and the presence or absence of mutations in protease at each position of interest. The Benjamini-Hochberg procedure was used to correct for multiple comparisons. Statistical significance was assessed at an ␣ level of 0.05 (two-tailed) (1).
Multivariate stepwise logistic regression models were used to assess the association between VR and demographic characteristics, clinical predictors, and mutations in protease. Demographic characteristics consisted of age, clinic, and gender. Clinical predictors included baseline log 10 viral load, baseline CD4 ϩ T-cell count, and partial genotypic susceptibility score. Mutations in protease found to be significant from the univariate analysis and the 20 mutations thought a priori to be important to LPV/r resistance (based on the LPV mutation, ATU, ViroLogic, Stanford, and IAS-USA scores) were included in the starting model. The criterion for entry into the stepwise models was at an ␣ level of 0.10. Predictors were retained in the stepwise models if they remained significant at an ␣ level of 0.05.
To compare the performance of the different scores, receiver-operator characteristic (ROC) curves were constructed and their corresponding areas under the curve (AUC) were calculated. The AUC of the ROC curve is used to evaluate the predictive value of a given test. An AUC of 1 denotes a perfect test, while an AUC of 0.5 reflects a test without discriminatory power. The precision of the AUC estimates was evaluated by constructing 95% bootstrap confidence intervals (5,000 replicates) (4).
All statistical analyses were done using SAS 9.1.3 (Cary, NC). Institutional review board approval was obtained from participating centers.
RESULTS

Patient characteristics.
A total of 103 patients were included in the study. The median age was 42.2 years ( Table 1 ). The patients were predominantly male (75%) and Caucasian (64%). Patients were enrolled from the United States (77%) and from Italy (23%), with the majority being treated in academic centers (69%). The majority of the patients were antiretroviral (97%) and PI experienced (79%). The most commonly prescribed PI prior to enrollment was nelfinavir (55%) followed by indinavir (43%). The median baseline viral load and CD4 ϩ T-cell count were 17,000 copies/ml and 247 cells/l, respectively. The median numbers of PI, nonnucleoside reverse transcriptase inhibitor, and nucleoside reverse transcriptor inhibitor mutations as defined by the IAS-USA were 3, 1, and 4, respectively. The frequencies of PI mutations are summarized in Fig. 1 .
Virologic/immunologic response. The median CD4 ϩ T-cell count increase from the baseline was 63 cells/l. Overall, 76% of patients achieved VR at 24 weeks ( Table 2) . As expected, more ART-and PI-naive patients experienced VR at week 24 compared to their ART-and PI-experienced counterparts (ART naive versus ART experienced, 100% versus 75%; PI naive versus PI experienced, 82% versus 74%); however, these differences were not statistically significant (P ϭ 0.32 and P ϭ 0.45, respectively). There were no significant differences between the responses in patients across the different clinic settings or by gender or race. There was a trend toward an improved response in those with baseline viral loads less than 100,000 copies/ml (80% versus 60%; P ϭ 0.068), but there appeared to be no difference in VR in patients with CD4 T-cell on November 10, 2017 by guest http://aac.asm.org/ counts of Ͻ200 cells/l compared to those with Ն200 cells/l (71% versus 79%, respectively; P ϭ 0.34). Virologic response was improved in patients with higher baseline genotypic susceptibility scores. In particular, patients with genotypic susceptibility scores of Ͻ1, 1 to Ͻ1.5, 1.5 to Ͻ2, and Ն2 had virologic responses of 38%, 71%, 90%, and 80%, respectively (P ϭ 0.0046).
Importantly, all of the LPV/r scores with defined breakpoints (the LPV mutation score, ViroLogic score, ATU score, and Stanford score) were able to distinguish VR with similar accuracy. Using the LPV mutation score, 81% of patients with a score less than 6 experienced VR at week 24 compared to only 30% of patients with a score of 6 or greater (P ϭ 0.0004). For the ViroLogic score, 84% of patients with a score less than 7 experienced VR at week 24 compared to only 31% of patients with a score of 7 or greater (P Ͻ 0.0001). Similarly, 82% of patients with an ATU score less than 3 experienced VR at week 24 compared to only 50% of patients with an ATU score of 3 or greater (P ϭ 0.0028). Using the Stanford score, 87% versus 73% versus 46% of patients responded with increasing levels of resistance to LPV/r (susceptible and potential lowlevel resistance versus low-level resistance versus intermediateand high-level resistance, respectively) (P ϭ 0.0003).
Univariate analyses. In the univariate analyses, mutations at positions 10, 54, and 82 were significantly associated with a lack of VR (P ϭ 0.020, P ϭ 0.00145, and P ϭ 0.014, respectively). Additionally, there was a trend toward a significant association with a lack of VR and mutations at positions 30 and 90 (P ϭ 0.074 and P ϭ 0.074, respectively) ( Table 3) .
Multivariate analysis. In the multivariate analysis, an improved VR was associated with a lower baseline viral load. In 
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addition, a lack of VR was associated with mutations at positions 54, 84, and 90 (Table 4) . Evaluation of scoring systems. ROC curves for each of the scores are presented in Fig. 2 . Each of the genotypic interpretation scores appears to have performed reasonably well in our cohort. AUCs for the ROC curves were similar, with values ranging from 0.73 to 0.76 and their 95% confidence intervals having substantive overlap (Table 5) . Prediction error and misclassification rates were calculated and also showed no clear advantage for any genotypic interpretation score (data not shown).
DISCUSSION
With the availability of newer PIs, it becomes increasingly important to know when LPV/r will have full activity. Prior to the approval of tipranavir and darunavir, oftentimes, patients with viral isolates having high-level resistance to LPV/r received LPV/r due to limited alternative options. The TITAN study suggests that patients with limited LPV resistance do better on darunavir (12) . However, the superiority of darunavir (77%) versus LPV (68%) in patients achieving viral loads of Ͻ400 copies/ml at 48 weeks was primarily driven by the 72% failure rate in the LPV/r arm in patients with viral isolates with a LPV change of Ͼ10-fold (versus the 28% failure rate for the darunavir group in patients with viral isolates with a LPV change of Ͼ10-fold). There was no significant difference in response for patients with viral isolates with a LPV change of Ͻ10-fold. This phenotypic breakpoint is roughly approximated by the genotypic breakpoints used in the various scoring systems (9) .
Various resistance scores have been derived that posit to be superior to other available scoring systems in predicting susceptibility to LPV/r. However, no independent data set has been used to evaluate the relative merits of the different scores. The score created based on a given data set will always outperform a score created using a different data set as there is always some degree of model overfitting. Even if a portion of the data set is used as a training data set and the remainder is used as a validation data set, the similarities of the treatment histories between the training and validation data sets will likely bias the evaluation in favor of one's own scoring system. This occurs because the treatment history of the patient population has a major impact on which mutations will be found to be associated with LPV/r resistance. For instance, with the ViroLogic score, the protease mutation 50V was found to be associated with decreased LPV susceptibility (16) . Our study did not find this correlation, as only 7% of the patients from our cohort had received amprenavir, which selects for this mutation. By using an independent data set to evaluate the relative merits of multiple different resistance scores, we have removed the inherent bias that is created when a data set is used to both create and test the performance of a scoring system.
In our study, 76% of the patients achieved a viral load of less than 500 copies/ml at 24 weeks. Currently, the gold standard for combination antiretroviral therapy is to achieve a viral load of less than 50 copies/ml, because suppression to this level has been found to be most durable (15) . However, at the time the data from our cohort were ascertained (2001 to 2002), viral load assays sensitive to 50 copies/ml were not widely used.
All the scores with defined breakpoints (the LPV mutation, ViroLogic, ATU, and Stanford scores) effectively predicted patients who achieved VR. Using any of these scores, over 80% of the patients who had viral isolates which fell below the breakpoints achieved VR, while 50% or less of the patients with viral isolates at or above the breakpoints achieved VR.
With our relatively small data set, we did not identify uncommon mutations that may be associated with reduced VR to LPV/r. The results from our multivariate analysis showed an association between mutations at positions 54, 84, and 90 in protease and a lack of VR. Additionally, in the univariate analysis, mutations at positions 10, 54, and 82 were associated with a lack of VR. Mutations at position 82 are often considered more important than mutations at positions 54, 84, and 90 (9, 16; Stanford University HIV drug resistance database [http: //hivdb.stanford.edu]). In our data set, mutations at position 82 frequently occurred in conjunction with 54V, thus likely obscuring the effect of a mutation at position 82 in the multivariate analysis. The five mutations found to be significant in our univariate or multivariate analyses constitute a subset of the mutations included in the LPV mutation score and are found relatively commonly in PI-experienced individuals (Stanford University HIV sequence database [http://hivdb.stanford.edu /cgii-bin/MutPrevBySubtypeRx.cgi]).
Comparing the shape of the ROC curves and the corresponding AUCs of the different models, all the models performed reasonably well without any one being clearly superior. This is similar to the finding in a recent paper by Fox et al. which compared four different genotypic interpretation scores for PIs and found that all of the scores effectively predicted the viral load response to a diverse set of PIs and that none of the scores performed significantly better than the others (5) .
One limitation of this study is that not all the mutations included in the scores were captured by our data acquisition form. While all of the mutations used to calculate the LPV mutation score and ATU score were collected, we did not acquire information on some of the mutations used to calculate the ViroLogic, Stanford, and IAS-USA scores. This could lead these latter three scores to underperform compared to the LPV mutation score and ATU score. However, the mutations that were not collected are relatively uncommon. For the ViroLogic score, we collected data on 18 mutations which are on average present in 14% of PI-experienced patients. The 11 mutations for which we do not have data are present in only 3% of PI-experienced patients. Similarly, for the Stanford and IAS-USA mutations, the mutations for which we do not have data are present in 1% and 2% of PI-experienced patients, respectively (Stanford University HIV sequence database [http://hivdb.stanford.edu/cgii-bin/MutPrevBySubtypeRx.cgi]).
In conclusion, deciding which genotypic interpretation score to use for predicting the response for LPV/r can be intimidating to the average clinician. However, we found that the LPV mutation, ATU, ViroLogic, Stanford, and IAS-USA scores are all able to distinguish between patients who are more or less likely to respond to LPV/r. There was no substantial difference in the performance of the scores compared using data from our independent clinical cohort.
From this study we can, therefore, recommend to clinicians any of the scores evaluated as effective tools in deciding when LPV/r will be active. The fact that all scoring systems tested were roughly equivalent in their performance, should provide some comfort to prescribing clinicians who may be daunted by the task of choosing between the various genotypic scoring systems that are available. From this analysis, using an independent clinical cohort, we conclude that all of the scores evaluated are equally predictive of virologic response.
